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Motivation
E(↵) = E(0) + ↵2E(2) + ↵3E(3) + ↵4E(4) + . . .
2-electron molecule 3-electron molecule
Previous studies of He2+
• He2+ has no dipole moment or easily 
accessible electron states	

• Very little experimental data available;	

- 9 rovibrational v = 0→1 transitions in 
3He4He+ (uncer. 18 MHz) [1]	

- 7 rovibronic X→A (v =22,23→0,1) 
transitions in 4He2+ (uncer. 0.2-2 MHz) [2] 	

• Alternative: Rydberg spectroscopy
[1]  Yu and Wing, Phys. Rev. Lett. 59, 2055 (1987). 
[2] Carrington et al., J. Chem. Phys. 102, 5979 (1995).
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[1] Raunhardt et al., J. Chem. Phys. 128, 164310 (2008).
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TABLE I. List of contributions to the absolute and relative uncertainties in
the determination of the transition wave numbers. All values are given in
units of cm−1.
Source of uncertainty Uncertainty in UV
Calibration of absolute wave numbers
Positions of iodine reference lines35 0.009
Doppler shift 0.004
Frequency shift in the Ti:Sa amplifier <0.001
Pressure shift <0.001
Total absolute uncertaintya 0.010
Calibration of relative wave numbers
Calibration of relative laser frequency 0.006b
Determination of the line centers 0.001
Stark shifts <0.001c
Total relative uncertaintya 0.006b
aBecause the different sources of uncertainties are independent, the total uncertainty is
obtained as the square root of the sum of the squares of the different uncertainties.
bAssuming that the transitions are separated by ∼12 cm−1. Because the relative laser
frequency is determined by extrapolation, the uncertainty is proportional to the interval
(see text).
cThis value was estimated for np Rydberg states with n < 50. At higher values of n, the
dc Stark shifts can be larger.
III. RESULTS
A. Observed transitions and their assignment
A schematic energy level diagram of the initial
metastable states and final triplet np Rydberg states investi-
gated in the present study is depicted in Fig. 2. When neglect-
ing channel interactions, the spectral positions ν˜ of Rydberg
states are well described by the Rydberg formula
ν˜ = E
+(v+, N+)
hc
− RHe2(n− µ¯)2 , (1)
where h is Planck’s constant, c is the speed of light in vacuum,
E+(v+, N+) are the energies of the rovibrational ionization
thresholds, RHe2 = 109729.796 cm−1 is the mass-corrected
Rydberg constant, and µ¯ is the effective quantum defect.
Rydberg states with even values of N+ do not exist because
their wave function would be antisymmetric with respect to
the permutation of the two bosonic 4He2 + nuclei and there-
fore violate the generalized Pauli principle. For the same rea-
son, rotational levels of the metastable state with even values
of N′′ do not exist.
The pulsed electric field used to ionize the Rydberg
states when recording the RSR-TI spectra had an ampli-
tude of 12.8 V/cm, which lowers the ionization thresholds
by ∼20 cm−1 and restricts the energetic detection windows
to the regions marked by areas shaded in gray in Fig. 2.
Eight spectral regions, marked by vertical arrows in Fig. 2,
were investigated at high spectral resolution. These regions
are identified using the labels Q1, Q3, Q5, Q7, O3, O5, O7,
and M5 which designate the different ionization thresholds
according to the change in the rotational quantum number
"N = N+ − N′′ and the value of N′′. Regions which corre-
spond to "N = 0, −2, and −4 transitions are labeled using
the letters “Q,” “O,” and “M”, respectively. The present inves-
tigation was restricted to transitions with v′′ = v+ = 0. For a
given value of N+, three np Rydberg series can be observed
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FIG. 2. Energy-level diagram of the rotational levels of 4He∗2 and the triplet
np Rydberg states of 4He2. The regions shaded in gray are those probed by
RSR-TI spectroscopy using electric-field pulses of 12.8 V/cm. The vertical
arrows designate the eight spectral regions investigated in the present study.
The origin of the wave-number scale was placed at the position of the ori-
gin of the 2sσ a 3$+u state which corresponds to the position of the Pauli-
forbidden (v′′ = 0, N ′′ = 0, J ′′ = 1) level, where J′′ is the total-angular-
momentum quantum number.
with N = N+ − 1, N+, and N+ + 1. Throughout this article,
the notation N ′′ → n ℓN+N is used to label transitions from
the rotational levels of the 2sσ a 3$+u (v′′ = 0, N ′′) metastable
states to triplet n ℓN+N (v+ = 0) Rydberg states.
As illustrations of the data obtained experimentally, rep-
resentative sections of the PI and RSR-TI spectra recorded
in regions Q5 and O7 are depicted in Figs. 3(a) and 3(b), re-
spectively. The corresponding etalon transmission spectra and
iodine absorption spectra used for calibration are also dis-
played. The intensities of the etalon transmission lines fluc-
tuate because the step size of the laser was comparable to
their linewidth. In the PI spectrum (top trace in Fig. 3(a)),
the expected transitions from the (v′′ = 0, N ′′ = 5) level of
the metastable state to high-np Rydberg states with N+ = 5
(see assignment bars) are obscured by transitions from higher-
lying rovibrational levels of the metastable state to autoion-
izing low-np Rydberg states. In the corresponding RSR-TI
spectrum, only the np56 Rydberg series is visible because the
delayed detection of electrons (delay 2µs) prevents Rydberg
states with lifetimes ≪ 2µs from being detected. The split-
ting observed for each 5 → np56 transition originates from
the fine structure of the initial metastable state, as discussed
in Sec. III B. The np54 and np55 Rydberg series are not ob-
served in region Q5 of the RSR-TI spectrum, for reasons that
are discussed in Sec. III F.
The PI and RSR-TI spectra in region O7 displayed in
Fig. 3(b) are dominated by the N = 7 and N = 8 orbital
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[1] Sprecher et al., J. Chem. Phys. 140, 064304 (2014).	

[2] Fosca et al., J. Mol. Spectrosc. 191, 209 (1998).
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Multistage Zeeman deceleration
Vanhaecke et al., Phys. Rev. A 75, 031402(R) (2007).	

Hogan et al., Phys. Chem. Chem. Phys. 13, 18705 (2011). 
Multistage Zeeman deceleration
Potential energy of 
a low-field seeker
Vanhaecke et al., Phys. Rev. A 75, 031402(R) (2007).	

Hogan et al., Phys. Chem. Chem. Phys. 13, 18705 (2011). 
Multistage Zeeman deceleration
Phase angle determines energy 
removed per stage
Vanhaecke et al., Phys. Rev. A 75, 031402(R) (2007).	

Hogan et al., Phys. Chem. Chem. Phys. 13, 18705 (2011). 
Multistage Zeeman deceleration
Vanhaecke et al., Phys. Rev. A 75, 031402(R) (2007).	

Hogan et al., Phys. Chem. Chem. Phys. 13, 18705 (2011). 
Multistage Zeeman deceleration
Switching of magnetic field takes 8.5 μs [1]:	

• Supersonic beam of pure He at 300 K too fast 
(1900 m/s)	

• Seeding not possible due to Penning ionisation
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[1] Wiederkehr et al., J. Chem. Phys. 135, 214202 (2011). 
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electrodesionization laser
Deceleration results
Motsch et al., Phys. Rev. A 89, 043420 (2014). 
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notation: N 00 ! np  N+ = N 00 
(N=N+)
State selectivity of deceleration!
• No rotational-state selectivity	

• One spin-rotational component (J = N) rejected
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Conclusion & Outlook
• Efficient production of a beam of He2*	

• Zeeman deceleration to 100 m/s	

• Many states decelerated simultaneously	

• Phase-space density sufficiently high for 
spectroscopy
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